Purpose: Cervical cancer is the fourth most common cause of cancer-associated mortality in women worldwide. Previous studies have reported that microRNAs (miRNAs) are involved in multiple biological aspects of cancer progression by regulating gene expression. Here, we investigated the role of microRNA-708 (miR-708) in cervical cancer. Methods: The expression levels of miR-708 in cervical cancer tissues and paired-normal cervical tissues were tested by quantitative polymerase chain reaction (qPCR). The interaction between miR-708 and Timeless was identified by bioinformatics method, dual-luciferase reporter assay, and Western blotting. The effects of over-expression of miR-708 on cell proliferation and cisplatin sensitivity were determined by Cell Counting Kit-8 (CCK-8) and colony formation assay. Cell cycle and apoptosis were analyzed by flow cytometry. DNA damage induced by over-expression of miR-708 was determined by comet assay. Expression levels of the genes involved in repair of DNA damage were analyzed by Western blotting. Results: MiR-708 was down-regulated in cervical cancer tissues compared with pairednormal cervical tissues. By bioinformatics method, Western blotting, and dual-luciferase reporter assay, we found that Timeless was a direct target of miR-708. Furthermore, miR-708 suppressed cellular viability, colony formation, promoted apoptosis, and induced DNA damage levels. MiR-708 also enhanced chemosensitivity of cervical cancer cells to cDDP via impairing the ATR/CHK1 signaling pathway. Conclusion: We conclude that miR-708 suppresses cell proliferation, facilitates cisplatin efficacy, and impairs DNA repair pathway in cervical cancer cells. These results demonstrate that miR-708 might be a candidate therapeutic target for future cervical cancer therapy.
Introduction
Cervical cancer is one of the leading gynecological malignancies in women worldwide. In addition, more than 527,600 new cases and 265,700 deaths were attributed to cervical cancer worldwide in 2012. 1 Although platinum-based chemotherapies are such major treatments for advanced cervical cancer, recurrence and distant metastasis have still remained the main causes of the low 5-year survival rate for patients with advanced cervical cancer. 2 Therefore, it is of great importance to find out an effective molecular-targeted therapy for the improvement of prognosis. Timeless gene is involved in circadian rhythmicity in Drosophila melanogaster and interacts with clock proteins. 3 Additionally, an increasing number of studies have found that Timeless is over-expressed in several tumor types, including lung cancer, breast cancer, hepatocellular cancer, and cervical cancer. 4, [5] [6] [7] [8] Furthermore, aberrant Timeless expression is associated with poor survival in lung cancer, breast cancer, and cervical carcinoma, 4, 6, 8 indicating that Timeless plays a substantial role in these malignancies. Besides, recent studies have shown that Timeless is involved in the regulation of homologous recombination (HR) and nonehomologous end joining (NHEJ) repair, which are two important methods to repair DNA damage by interacting with poly (ADP-ribose) polymerase-1 (PARP-1). 9, 10 Our previous study demonstrated that Timeless is aberrantly expressed in cervical cancer due to transcriptional activation by E2F1 and E2F4 (manuscript prepared), while the mechanism of Timeless over-expression has still remained elusive. MicroRNAs (miRNAs), small non-coding RNAs of 20-22 nucleotides, recognize and bind with the 3ʹ-UTR of target mRNAs, leading to the cleavage and/or translational repression of mRNAs. 11 It also has been demonstrated that miRNAs are involved in different cellular processes, including cellular differentiation, proliferation, oncogenesis, angiogenesis, invasion, and metastasis. [11] [12] [13] [14] Thus, the study of miRNAs may provide novel targets for anti-cancer therapies, regarding the correlation of expression of microRNA with multiple biological aspects of cancer progression. [15] [16] [17] Diverse roles of miR-708 have been reported in different cancers, pro-tumorigenesis in bladder and colorectal cancers, while anti-tumorigenesis in Ewing's sarcoma, glioblastoma multiforme, hepatocellular carcinoma, renal cell carcinoma, as well as breast, prostate, and ovarian cancers. 18 However, the role of miR-708 in cervical cancer has still remained elusive. In this study, we aimed to investigate the role of miR-708 in cervical cancer. We demonstrated that miR-708 was downregulated in cervical cancer tissues compared with pairednormal cervical tissues. We also found that Timeless was a direct target of miR-708, and miR-708 could attenuate proliferation, promote apoptosis, and facilitate cisplatin sensitivity in cervical cancer cells. MiR-708 also impaired the ATR/Chk1 signaling pathway. Our findings might provide a valuable therapeutic target for cervical cancer.
Materials and Methods

Cell Lines and Primary Tissues
Human cervical cancer cell lines (SiHa, HeLa, C-33A, and Ca Ski) were purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). Cells were cultured either in Dulbecco's modified Eagle's medium (DMEM) high glucose (HyClone Laboratories, Inc., Logan, UT, USA) or RPMI 1640 medium (HyClone Laboratories, Inc., Logan, UT, USA) supplied by 10% fetal bovine serum (FBS; Biosera, Shanghai, China) and 1% penicillin/streptomycin (Beyotime Institute of Biotechnology, Shanghai, China). The cells were cultured in a humidified incubator with 5% (v/v) CO2 at 37°C.
The primary-paired tissues were obtained from cervical cancer patients who admitted to the First Affiliated Hospital of Soochow University (Suzhou, China) after surgical resection. Paired-normal tissue was at least 2 cm away from any cancerous tissue and confirmed free of cancer or premalignant changes by two pathologists. The Ethics Committee of the First Affiliated Hospital of Soochow University approved this study. All patients signed written informed consent form prior to beginning the study.
RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)
Total RNA was extracted from frozen tissues (cancer and paired-normal tissues) or cell lines using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). For analysis of mRNA expression, RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used for cDNA synthesis. Expression levels of genes were normalized to β-actin gene as an endogenous control. The sequences of qPCR primers were as follows: Timeless forward: 5ʹ-GTTTTGGCAATCTGCCTAAGGA -3ʹ, reverse: 5ʹ-GCAGCTCATACAAGGTTTCACT-3ʹ. β-Actin forward: 5ʹ-TGACGTGGACATCCGCAAAG-3ʹ, reverse: 5ʹ-CTGGAAGGTGGACAGCGAGG-3ʹ. For analysis of miRNA expression, Bulge-loopTM miRNA qPCR Primer Set (one RT primer and a pair of qPCR primers for each set) for miR-708 was designed by RiboBio Co., Ltd. (Guangzhou, China). The U6 gene was used as an endogenous control. Moreover, qPCR was carried out using Power SYBR Green PCR Master Mix (Takara, Kusatsu, Japan) according to the manufacturer's instructions. Data analyses were performed using the 2 −ΔΔCt method.
miRNA Transfection
Transfection of miRNA was performed using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. The miRNA mimics for cell transfection were purchased from GenePharma (Shanghai, China), and their sequences were as follows: Non-targeting 
Western Blotting
Total protein was extracted from whole cells with sodium dodecyl sulfate (SDS) buffer and 15 µg of protein lysates were separated by SDS-polyacrylamide gel (SDS-PAGE). Timeless (Abcam, Cambridge, UK), RAD51, P21, cleaved-caspase 3, γ-H2AX, CHK2, ATM, phosphor-ATM, phosphor-CHK2, phosphor-CHK1 (Cell Signaling Technology, Danvers, MA, USA), phosphor-ATR (Gentex Corp., Zeeland, MI, USA), ATR, CHK1 (R&D Systems, Minneapolis, MN, USA), and β-actin (Sigma-Aldrich, St. Louis, MO, USA) were incubated, respectively, at recommended concentration overnight at 4°C. Finally, horseradish peroxidase (HRP)-conjugated goat antimouse IgG (H+L) and goat anti-rabbit IgG (H+L) (Multi Sciences, Hangzhou, China) secondary antibodies were incubated for 1 hr at room temperature. The immunogenic proteins were visualized using an enhanced chemiluminescence (ECL) system; β-actin was used as a loading control.
Cell Viability and Cisplatin Sensitivity Assay
Cells (4000/well) were plated in 96-well plates and transfected with miRNA mimics after 24 hrs. At the time of 24, 48, 72, 96, and 120 hrs after transfection, the medium was replaced with Cell Counting Kit-8 (CCK-8; Doujindo Laboratories, Tokyo, Japan) and incubated at 37°C for 60 mins. Afterwards, absorbance at 450 nm was measured by Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
In cisplatin sensitivity assay, 48 hrs after transfection, cells were treated with increased concentration of cisplatin for 24 h. The next steps were the same as mentioned above. The analyses of IC50 value were performed by GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).
Colony Formation Assay
Here, 48 hrs after transfection, cells were digested and plated on 30-mm dishes (500 cells/dish). Two weeks later, the colonies were stained by crystal violet (Beyotime Institute of Biotechnology, Shanghai, China) for 20 mins after fixing by 4% paraformaldehyde for 20 mins. The colonies were counted by ImageJ software and the same settings were kept for all colony-counting experiments.
Flow Cytometry Analysis
In the present research, 72 hrs after cell transfection, cells were digested using the trypsin free of ethylenediaminetetraacetic acid (EDTA), and collected and re-suspended at a concentration of 10 6 cells/mL after three times of washing with 1 mL ice-cold phosphate-buffered saline (PBS). According to the instructions provided for the Annexin V-PE Apoptosis Detection Kit (BD Biosciences, San Jose, CA, USA), 5 μL of PE-Annexin V, and 5 μL of 7-AAD were added to each 100 μL of diluted binding buffer. After the cells were incubated at room temperature for 15 mins, cell apoptosis was detected by flow cytometer FC500/FC500-MPL (Beckman Coulter, Brea, CA, USA). For cell cycle analysis, cells were added into 1 mL precooled 75% alcohol (−20°C), and fixed at temperature of 4°C overnight after cell transfection for 72 hrs or 120 hrs. Cells were re-suspended in 500 μL propidium iodide (PI)/ RNase Staining Buffer (BD Biosciences, San Jose, CA, USA) after twice washing with cold PBS. Following 30 mins of incubation in the dark at room temperature, cells were analyzed by flow cytometer FC500/FC500-MPL (Beckman Coulter, Brea, CA, USA).
Comet Assay
An alkaline comet assay was undertaken using a COMET assay kit (Bio-Techne, Minneapolis, MN, USA) after 72 hrs of cell transfection. At least 50 cells were captured using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany) in each sample. Comet images were analyzed by CASP software (http://casplab.com), and the olive tail moment (OTM) and tail moment (TM) were considered for the analysis of parameters.
Statistical Analysis
Each experiment was independently repeated three times or more. Expression of miR-708 and Timeless in cervical cancer tissues and their paired-normal cervical tissues were compared by paired t-test. The associations between miR-708 expression levels and clinicopathological parameters in cervical cancer patients were evaluated using Fisher's exact tests. The functional effect between the target transfectants and the controls was compared by the Student's t-test. A two-tailed P value of less than 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. SPSS software (version 22.0; SPSS Inc) was used for statistical analysis.
Results
miR-708 Is Down-Regulated in Human Cervical Cancer Tissues
To explore the additional mechanisms of aberrant Timeless expression in cervical cancer, several bioinformatics methods (TargetScan, DIANA, miRanda) were applied to identify potential miRNAs targeting Timeless ( Figure 1A) . The results revealed that several miRNAs had potential bindings in the 3ʹ-UTR of Timeless ( Figure 1B ). Among these candidates, miR-708 was selected for further validation due to its potential roles in the repair of DNA damage and diverse roles in cancers. 18 Additionally, qPCR was applied to identify the expression of miR-708 in 20 cervical cancer and pairednormal cervical tissues. A quantitative analysis revealed that miR-708 was significantly down-regulated in the cervical cancer tissues compared with the paired-normal cervical tissues ( Figure 1C ), whereas Timeless expression was upregulated in cervical cancer tissues ( Figure 1D ). The associations between miR-708 expression by qPCR and clinicopathological parameters in cervical cancer patients were shown in Table S1 . The results guided us to presume the role of miR-708 in cervical cancer.
Timeless Is a Direct Target Gene of miR-708
To detect the effects of miR-708 on the Timeless expression, miR-708 mimics were transfected in cervical cancer cells, and then Timeless mRNA and protein expression were detected after transfection. The results revealed that over-expression of miR-708 significantly inhibited the expression of Timeless compared with negative control miRNA (miRNA NC) in SiHa, HeLa, and Ca Ski cells (Figures 2A, B and S1 ).
The findings showed that the bases from 89 to 93 and 275 to 281 in the Timeless 3ʹ-UTR were perfectly complementary to the "seed" sequence of miR-708 ( Figure 2C ). To verify whether Timeless is a direct target of miR-708, a dualluciferase reporter was constructed by inserting the wildtype 3ʹ-UTR of human Timeless gene into psiCHECK-2 vectors, and transfected into SiHa and HeLa cells together with either miR-708 mimics or miR NC. These results showed that the luciferase activity was significantly decreased by miR-708 compared to miR NC in both SiHa and HeLa cells after 24 hrs of post-transfection ( Figure 2D ). In order to clarify the binding sites for miR-708 in the 3ʹ-UTR of Timeless mRNA, we conducted equivalent luciferase constructs with single and double mutations in two putative binding sites. Compared with wild-type construct, double-mutation fully abolished the repression effect of miR-708, and mutation in site 1 or site 2, respectively, was able to partially resist against the repression effect of miR-708, while site 1 had a stronger resistance effect ( Figure 2D ). These results indicated that site 1 and site 2 both interact with miR-708, while site 1 has a stronger influence. Taken together, these results confirm that Timeless is a direct target of miR-708.
miR-708 Suppresses Proliferation of Cervical Cancer Cells and Promotes Apoptosis
To investigate the biological function of miR-708 in cervical cancer, SiHa and HeLa cells were transfected either with miR-708 mimics or miR NC. As illustrated in Figures 3A and S2A , over-expression of miR-708 inhibited the proliferation of SiHa and HeLa cells compared with cells treated with miR NC. Consistently, the results of colony formation assay revealed that over-expression of miR-708 in both SiHa and HeLa cells significantly suppressed the colony formation (Figures 3B, C, S2B and C).
To further identify the potential role of miR-708 in cervical cancer, we analyzed cell cycle distribution after the overexpression of miR-708. Flow cytometry assay showed that Cells were transfected with indicated miRNA and reporter construct, and luciferase activity was measured by dual-luciferase reporter assay after 24 hrs. The results of three independent experiments were plotted (*P < 0.05, **P < 0.01, ****P < 0.0001).
cells were arrested at G2/M phase ( Figures 3D, E, S2D and E) . Apoptotic cells were also demonstrated by flow cytometry after miRNA transfection. The results revealed that the percentage of apoptotic cells was increased from 8.02% to 43.20% in SiHa, from 8.08% to 22.50% in HeLa, and from 16.70% to 39.20% in Ca Ski cells ( Figures 3F, G, S2F and G) . Furthermore, Western blotting detected increased cleavage of caspase-3, one of the key executioner of apoptosis, 19 in SiHa and HeLa cells with over-expression of miR-708 compared with miR NC ( Figure 4B ). These data demonstrate that miR-708 suppresses cell proliferation and promotes apoptosis in cervical cancer.
miR-708 Induces DNA Damage and Impairs Activation of ATR Signaling Pathway
Since Timeless, the target of miR-708, was involved in repair of DNA damage, we investigated whether miR-708 also resulted in DNA damage. The comet assay was applied to measure DNA damage after miR-708 transfection. As displayed in Figures 4A, S3A , over-expression of miR-708 resulted in increased tail formation in SiHa, Ca Ski, and HeLa cells, indicating a higher level of DNA damage. Next, Western blotting was applied to test the proteins involved in DNA damage and repair. The results suggested that over-expressed miR-708 led to increased level of phosphorylated histone H2AX (γH2AX) ( Figure 4B ). Additionally, we tested the expression of Rad51, as an important protein participating in homologous recombination of DNA during double-strand break repair. 13 Rad51 expression was significantly decreased in SiHa and HeLa cells compared with the expression of miR NC ( Figure 4B) . Moreover, over-expression of miR-708 also attenuated the activation of ATR/CHK1 signaling pathway, as shown in Figure 4B . Previous studies have shown that miR-708 involved in repair of DNA damage by targeting Caspase-2, BMI1, and EYA3. [20] [21] [22] We wondered whether miR-708 led to DNA damage by targeting Timeless. MiR-708 and pIRES2-EGFP-Timeless plasmid were cotransfected to operate a restore assay ( Figures 4C, S3B ). The expression of γH2AX induced by over-expression of miR-708 could be restored by simultaneous exogenous Timeless expression ( Figures 4D, E, S3C and D) , indicating that miR-708 can induce DNA damage at least partially by targeting Timeless.
miR-708 Enhances Chemosensitivity of Cervical Cancer Cells to cDDP
To determine whether miR-708 is involved in the regulation of cisplatin sensitivity, cells were treated with indicated concentration of cisplatin after transfected with miR-708 mimics or miR NC. Then, cell viability was measured and dose-response curves were plotted. The IC50 value was significantly decreased in SiHa cells with over-expression of miR-708 compared with negative control (5.126-18.26 μg/mL in miR NC vs 1.563-3.992 μg/mL in miR-708),
indicating that miR-708 rendered SiHa cells more sensitively to cisplatin treatment ( Figure 5A ), which may provide a new strategy for sensitizing cervical cancer to cisplatin. As a result, cisplatin treatment resulted in more apoptotic cells in SiHa cells transfected with miR-708 mimics compared with control miRNAs, from 15.56% to 57.8% ( Figure  5B and C). These results demonstrate that miR-708 potentiate cisplatin efficacy by inducing cell apoptosis.
We also attempted to investigate whether miR-708 regulates ATR/CHK1 signaling pathway in response to cisplatin. As shown in Figure 5D , the phosphorylated and total /mL) , and cell lysates were collected at the indicated time points. Whole-cell lysates were analyzed by Western blotting using indicated antibodies, and β-actin was used as an endogenous control (**P < 0.01).
protein of ATR and CHK1 were both significantly reduced in cells with over-expressed miR-708 after cisplatin treatment, indicating an impaired ATR/CHK1 signaling pathway ( Figure 5D ). In addition, the expressions of Rad51 and P21 proteins were decreased in miR-708-overexpressed cells after cisplatin treatment ( Figure 5D ), which largely recapitulated the silencing of Timeless in cervical cancer (Paper in preparation).
Discussion
Previous studies have indicated that miR-708 is dysregulated in multiple cancer types. MiR-708 was shown to be up-regulated in bladder, colorectal cancer, and childhood B-cell acute lymphoblastic leukemia, while was downregulated in breast, hepatocellular, prostate, ovarian, and renal cancer. [22] [23] [24] [25] [26] [27] [28] [29] However, the role of miR-708 in cervical cancer has still remained elusive. In the present study, we demonstrated that miR-708 was down-regulated in the cervical cancer tissues compared with paired-normal cervical tissues. MiR-708 also plays a variety of roles in different cancers: pro-tumorigenesis in bladder and colorectal cancers, while anti-tumorigenesis in Ewing's sarcoma, glioblastoma multiforme, hepatocellular carcinoma, renal cell carcinoma, breast, prostate, and ovarian cancers. 18 Our phenotype analysis uncovered an anti-tumor role of miR-708 in cervical cancer. Over-expression of miR-708 attenuated the proliferation of cervical cancer cells. Besides, the higher number of Annexin V+/PE-cells as well as the increased level of cleaved-caspase 3 indicated the elevated level of apoptosis in miR-708-overexpressed cervical cancer cells. It is of great importance to identify cancer-specific miRNAs and their target genes for understanding the role of miRNAs in tumorigenesis. In the present study, the Timeless gene sequence had two specific combination sites complementary to miR-708 sequence, as shown by bioinformatics analysis. We demonstrated that Timeless was indeed a direct target of miR-708 and site 1 as well as site 2, which both interacted with miR-708, while site 1 had a stronger influence, confirmed by luciferase reporter assays. Furthermore, expression of Timeless protein was significantly down-regulated by over-expression of miR-708 in cervical cancer cell lines. These findings suggest that miR-708 acts as a tumor suppressor in cervical cancer by directly targeting Timeless.
Previous studies have indicated that Timeless, recruited at replication fork, might play a significant role in DDR through interacting with CHEK1 and the ATR-ATRIP complex. 30, 31 Considering the fact that platinum-based chemotherapies induce DNA damage and replication stress, 32, 33 we thus explored whether miR-708 takes part in repairing process of DNA damage. As indicated by Western blotting and comet assays, over-expression of miR-708 increased the expression levels of phosphorylated histone H2AX (γH2AX) and OTM in cervical cancer cells, demonstrating a higher level of DNA damage. Besides, our results indicate that miR-708 plays role in the activation of ATR/CHK1 signaling pathway. Furthermore, overexpression of miR-708 decreased RAD51 expression, associating with tumor grade, metastases, treatment resistance, tumor relapse, and overall survival rate. The decrease of RAD51 expression may induce non-effective homologous recombination repair, resulting in mitotic catastrophe or apoptosis. [34] [35] [36] Hence, we explored the role of miR-708 in cisplatin treatment and found that miR-708 potentiates cisplatin efficacy in cervical cancer cells.
Several limitations of our research should be expressed. Firstly, selective effect can avoid potential side effects and play a major role in targeted therapy, while we lack the data of normal cell lines, indicating whether over-expression of miR-708 has similar influences on normal cervical cells. For example, recent studies have revealed that inhibitors of ATR or CHEK1 could sensitize cancer cells to DNA damage, while normal cells are immune to them. [37] [38] [39] Secondly, overexpression of miR-708 in conjunction with standard treatment may realize decreasing the dose of chemotherapy, thereby minimizing side effects. This hypothesis needs to be verified in our further experiments in cervical cancer xenograft models. Thirdly, the specific mechanism of how miR-708 acts in ATR/CHK1 signaling pathway and how RAD51 is regulated by miR-708 in cervical cancer require further investigation.
Conclusion
The present study demonstrated that miR-708 was downregulated in the cervical cancer tissues. The overexpression of miR-708 in cervical cancer cells results in decreasing cell viability, as well as promoting apoptosis by directly targeting Timeless, a factor involved in DNA replication fork stability. Importantly, miR-708 could induce DNA damage and enhance the chemosensitivity of cervical cancer cells to cDDP through ATR/CHK1 signaling pathway. Identification of miR-708 targets may present new insights to the potential underlying mechanism in the treatment of cervical cancer. Collectively, our data demonstrated that miR-708 might be a candidate therapeutic target for future cervical cancer therapy.
